In this work, a new type of sorbent ( polyhydroxyl-polyurethane foam or PPF) was synthesized by using water hydrolysis of polyurethanediazonium chloride salt. PPF was characterized using different tools (infrared spectra, elemental analysis, scanning electron microscopy and thermogravimetric analysis). It was tested for the extraction of atrazine, prometryn and terbutryn herbicides from environmental samples. The batch technique was conducted to evaluate the effects of initial pH, contact time, temperature, volume of sample and initial concentration of triazine herbicides on the removal of the herbicides from the aqueous solution. The extraction of the herbicides was accomplished in a period ranging from 5 -15 min. The experimental data of the sorption was fitted by pseudo-first and pseudo-second-order kinetic mathematical equations and better followed the pseudo-second-order kinetics (R 2 ≈ 0.966). The equilibrium process was accurately described by the Freundlich isotherm model; the average Freundlich constant (1/n) value was 0.68, which was attributed to the heterogeneous surface structure of the PPF. The average capacity of the conventional polyurethane foam material was 0.34 mmol/g for herbicides. The study shows that PPF has the potential to be applied as an efficient sorbent for the extraction of herbicides from real matrix samples.
Introduction
Many herbicides are used for the production of adequate food supplies all over the world (1) . Despite their benefits in increasing agricultural production, herbicides, including triazine herbicides, can unfortunately have a negative impact on the environment (2). Some triazine herbicides, i.e., atrazine, prometryn and terbutryn, have been classified as hazardous chemicals requiring priority analysis (3) . The European Union (EU) banned all uses of atrazine in 2004 because of persistent groundwater contamination (1, 2) . Prometryn is a slightly to moderately toxic compound that is classified as a member of toxicity class II or III, depending on its formulation (4). Terbutryn is used as an aquatic herbicide for the control of submerged and free-floating weeds and algae in water courses, reservoirs and fish ponds. It affects the central nervous system in animals, leading to uncoordination, convulsions or labored breathing. Terbutryn has been classified as a possible human carcinogen by the United States Environmental Protection Agency (EPA) (5) .
The determination of pesticides in food samples usually involves the extraction of the analytes from the matrix, the subsequent cleanup of the extracts and a final chromatographic analysis (6) . Several methods have been described for the separation and determination of herbicides; e.g., Soxhlet extraction (7), supercritical fluid extraction (8) , pressurized liquid extraction (9) , microwave-assisted extraction (10) , ultrasonic extraction (11) , liquid -liquid microextraction (12) and solid-phase extraction (13) . Also, many types of adsorbents have been developed for the extraction of pesticides from aqueous media; e.g., C18 bonded silica (14) , nanocomposite material (15) , polymer-coated multi-fibers (16) , sol-gel (17) , activated soil filters (18) , carbon nanotubes (19) and polyurethane foam (20) .
Although conventional polyurethane foam (PUF) shows excellent properties, it is used only for the separation of neutral and acidic organic species (21 -23) because of the basity of the PUF matrix. This problem necessitates the preparation of new type of PUF with a high acidic character to separate basic organic species. Recently, many studies have shown that the functional primary amino groups of PUF are highly reactive (24, 25) . The purpose of the present work is to replace the primary amine with a hydroxyl function group. The novel polyhydroxyl-functionalized PUF has been prepared by water hydrolysis of polyurethanediazonium chloride. The acidic character of polyhydroxyl-polyurethane foam (PPF) makes it suitable to extract some basic organic compounds from wastewater by ionic interactions.
Materials and Methods
Chemicals and reagents Atrazine (C 8 H 14 N 5 Cl), prometryn (C 10 H 19 N 5 S) and terbutryn (C 10 H 19 N 5 S) herbicides ( Figure 1 ) were purchased from Supelco (Bellefonte, PA) and were used without further purification. All stock solutions (200 mg/L) were prepared using deionized water.
Synthesis of sorbent PPF was prepared by cutting commercial PUF into similarly sized cubes ( 0.125 cm 3 ). PPF ( Figure 1 ) was prepared by cutting a 5 g portion of the PUF cubes, which were soaked in 500 mL of 2M HCl for 24 h. It was washed with water, placed into a 0.1 mol/L HCl solution and then cooled in an ice bath. The PUF was diazotized by the dropwise addition of 50 mL of 2M NaNO 2 to the cold solution containing the PUF and stirred vigorously until a pale yellow color appeared due to the formation of diazonium chloride. It was then boiled for 2 h. The yellow PPF material was washed with distilled water, followed by acetone and then air-dried.
Apparatus
All pesticides were determined by using gas chromatography (GC; Varian CP-3800) equipped with a mass spectrometer (MS; Varian triple quadrupole MS-MS, 1200L); capillary column: VF-5ms (5% phenyl-, 95% dimethylsiloxane).
Recommended procedures
The separation of atrazine, prometryn and terbutryn herbicides was conducted by a batch technique at 258C. A portion of 0.05 g of the PPF was mixed with 25 mL of the tested herbicide solution (0.2 mg/mL) in a shaker and adjusted to the desired shaking speed (60 rpm). After a certain time, the flasks were removed from the shaker and the final herbicide concentration remaining in the supernatant solution was determined. Also, the herbicide concentration after recovery with 10 mL of CH 2 Cl 2 was determined by using GC -MS (EPA 619 method).
Herbicides in water samples from the Nile River and the Mariotia Canal were determined using the batch method. A 0.05 g portion of the PPF was mixed with 25 mL of a water sample (spiked with 5 and 10 mg of herbicides). After shaking for 15 min, the solution was separated and the concentration of herbicides was determined by using GC -MS-MS.
Zero point charge pH ( pH ZPC ) is the pH at which the charge on the PPF surface is zero. To determine the pH ZPC of the PPF surface, 25 mL of the solution was added to a series of 100 mL flasks with pH in the range of 1-13. The initial pH (pH i ) of the solutions was determined and 0.1 g of the PPF was added to each flask. After 24 h, the final pH ( pH f ) of the solutions was measured. The difference between the initial and final pH values (DpH ¼ pH f 2 pH i ) was plotted against the pH i . The pH ZPC was noted as the pH at which the initial pH equals the final pH.
Results and Discussion
Characterization of PPF To verify the proposed formula and structure for PPF (Figure 1 ), analyses were conducted using infrared (IR) and ultraviolet/ visible spectra, thermogravimetric analysis (TGA), elemental analysis and scanning electronic microscopy (SEM).
The IR spectra of the PUF and PPF materials were compared using the thin film technique. PUF showed a broad band at 3,310.8-3,279.5 cm 21 corresponding to the stretching vibration of O-H and N -H groups. However, the IR spectrum of PPF revealed that the broad band of O -H and N -H groups was shifted to 3,325.1 -3,278.8 cm
21
. In addition, two new absorption bands appeared at 3,444.3 and 1,370.4 cm 21 , which were assigned to the O-H (stretch) and O-H (defuse) aromatic groups, respectively (Table I) .
The thermal properties of PPF were evaluated using TGA under a nitrogen atmosphere. The TGA curve of PPF showed that the thermal decomposition begins at 175.88C and the weight losses are 28.9, 60.7 and 10.7% in the ranges of 176 -290, 290-400 and .4008C, respectively. On the other hand, the differential thermogravimetric curve (DTGA) of PPF showed two endothermic peaks at 275.1 and 380.68C. These results indicate that the PPF has better thermal stability than other sorbents.
The elemental analysis of PUF and PPF was studied. The percentages of carbon, hydrogen and nitrogen in PPF are lower than in PUF due to the partial hydrolysis of some urethane groups. However, the percentage of oxygen in PPF is higher than in PUF because of the addition of the hydroxyl group (Table I) .
The surface morphology of PPF and PUF was investigated using SEM. According to the electron scanning microscopic images of PUF at magnification of 800, the microstructure of PUF showed that the cells are nearly spherical and irregular. In addition, the cell size of PPF is bigger than that of PUF. The chemical stability of PPF was studied with different solvents in batch mode. According to the results, PPF showed good chemical stability in the presence of 6M H 2 SO 4 , concentrated HCl, concentrated acetic acid, methanol, ethanol, isopropanol, acetone, benzene, toluene, p-xylene, formaldehyde, benzyl alcohol and benzyl chloride.
The color of PPF changed from yellow-orange to red after the addition of HCl solution. The color intensity increased with an increasing concentration of 1 -10M HCl, and then the color was stable at 10 -11.6M HCl. These results indicate that PPF exists as a resonance hybrid of a protonated structure; this resonance hybrid is red. The loss of the proton changes the electronic structure of the compound, resulting in a change of color from red to yellow.
The pH ZPC values were determined to be approximately 4.7 and 7.3 for PPF (Figure 2 ). At pH lower than the pH ZPC (pH , 4.7), the surface of the PPF is positively charged, whereas at pH greater than pH 7.3, the surface of the PPF becomes negatively charged. The pH ZPC value is based on membrane-like structures of PPFs such as urethane NHCOO, ether CH 2 -O-CH 2 and terminal OH groups.
Sorption Behavior of Atrazine, Prometryn and Terbutryn Herbicides
Effect of sample pH The concentration of hydrogen ions plays an important role in the process of solid-phase extraction because it exchanges with herbicides in the chelating groups in PPF. The effect of the sample pH on the sorption behavior of atrazine, prometryn and terbutryn herbicides was studied in the pH range of 3 -13 using 25 mL of a sample solution containing the individual herbicides. The samples were processed according to the recommended batch experiments. The percentage of sorption of the herbicide (E) by the PPF was calculated from the following relation: E ¼ (C o -C/C o ) Â 100, where C o and C are the initial and remaining concentrations of the herbicides, respectively. The extraction of herbicides by PPF occurred at pH ranges of 7 -11, 5 -11 and 3-11 for atrazine, prometryn and terbutryn, respectively (Supplementary Figure 1) . The results confirm approximately similar sorption mechanisms for all herbicides in a pH range of 7 -11. The sorption percentage sequence followed the order of prometryn . terbutryn . atrazine, which was independent of the size of the herbicide molecule.
The values of the separation factor (a) for the tested herbicides were calculated (a ¼ E 1 /E 2 ). The results show that the selectivity sequences were as follows: terbutryn . prometryn . atrazine at pH 3 and prometryn . terbutryn . atrazine at pH 13. These results show that controlling the pH can play a role in enhancing the selectivity of the separation of herbicides with PPF.
Sorption kinetics
The influence of shaking time on the percentage of sorption is recognized to be of significant importance to determine the possible discrimination order of PPF behavior toward atrazine, prometryn and terbutryn herbicides. Kinetic measurements were conducted using PPF, which has a diameter of 0.5 cm with batch factor (V/m) 500 mL/g. The rate of extraction of herbicides onto the PPF was measured by the batch extraction mode at different time intervals, i.e., 1 -60 min. The results show that the equilibrium between terbutryn and the PPF is faster than that between atrazine, prometryn and terbutryn (Supplementary Figure 2) . The sorption of herbicides by PPF was found to be rapid and reached equilibrium within a shaking time of approximately 15 min.
The sorption of tested herbicides on PPF may involve three steps: bulk transport of the solute in solution, film transfer involving the diffusion of the solute through a hypothetical film boundary layer and diffusion of the solute within the pore volumes of the adsorbent and along pore-wall surfaces to active adsorption sites. The Morris-Weber
.303V)þ a log t] models were applied to explain the diffusion mechanism of herbicides onto PPF, where k i is the intra-particle diffusion rate constant (mmol/g/min 21/2 ), the value of Bt is a mathematical function of F ¼ Q t /Q e and a and k O are constant.
To study the particle diffusion mechanism, the Morris-Weber equation q t ¼ k M ffiffi ffi t p À Á was applied. The sorbed herbicide concentration Q t at time t was plotted against the square root of time (Supplementary Figure 3; R 2 ¼ 0.755). Obviously, the rate of diffusion is fast in the early stages of sorption, and a linear relationship was verified in which the diffusion constant (k i ) was found to be 0.030, 0.033 and 0.026 mmol/g/min 21/2 for atrazine, prometryn and terbutryn, respectively (Table II) . By extension of the shaking period, the relation no longer became linear and deviation was observed. The relation between Bt and t was investigated for the sorption of herbicides. These resultant straight lines (Supplementary Figure 4; R 2 ¼ 0.732) do not pass through the origin. This reflects that partial film and intra-particle diffusion also occur. The effective diffusion coefficient (D i ) was calculated from linear plots of
]. The results show that the average values of D i were 3.6 Â 10 26 cm/min and were independent of the size of the herbicides (Table II) . The double logarithmic plots of the Bangham equation with the time yield linear curves and the average value of the correlation coefficient is 0.682 (Supplementary Figure 5) . This result shows that the diffusion of herbicides into the pores of PPF is involved in the ratecontrolling step. The average value of a is calculated from the slope to be 0.88. The value of a is independent of the size of the herbicides (Table II) . This result agrees with the results obtained from the Morris-Weber and Reichenberg models. According to these results, the diffusion rate is rapid.
The kinetic data was additionally calculated according to the first-order reaction [log(Q e -Q t ) ¼ (log Q e )-(k 1 t/2.303)], and pseudo-second-order
Ã kinetic models were tested to fit the experimental data for the sorption of atrazine, prometryn and terbutryn. The average value of the correlation coefficient (R 2 ) for the pseudo-second-order sorption model (Figure 3 ; 0.966) is higher than the value of R 2 for the pseudo-first-order kinetic model (Supplementary Figure 6 ; 0.731). This suggests that the pseudo-second-order adsorption mechanism is predominant. The rate constant (k 2 ) was found to be 0.16, 0.23 and 0.47 g/mmol/min for atrazine, prometryn and terbutryn, respectively (Table III) . The values of the k 2 sequence followed the order terbutryn . prometryn . atrazine, which showed that the rate constant is dependent on the size of the herbicide. The initial sorption rate (h)
Á was calculated. The values of h followed the sequence terbutryn . prometryn . atrazine.
Sorption isotherms
To determine the mass of sorbent necessary to concentrate the herbicides from a given sample, the adsorptive capacity was estimated. The plot of the amount of sorbed herbicide per unit mass of PPF (Q c ) against the initial herbicide concentration yielded a perfect linear curve with zero intercept (2.7 Â 10
24
) and good correlation (Supplementary Figure 7 , R 2 ¼ 0.997). The sorption capacities of PPF for atrazine, prometryn and terbutryn were estimated to be 0.30, 0.38 and 0.35 mmol/g, respectively. It is evident from these results that the developed sorbent exhibits greater capacity toward prometryn than either terbutryn or atrazine, which indicates that the sorption capacities of the herbicides are independent of the size of the herbicide molecule.
The data from the sorption isotherms were analyzed using
g equations, where C e is the amount of herbicide sorbed at equilibrium; K F , n, K L , b, 1, b and K D2R are constants.
The plots of log Q c versus log C e (Figure 4) and C e /Q c versus C e (Supplementary Figure 8) of the experimental data, according to Freundlich and Langmuir models, resulted in linear relationships. The results in Table IV show that the Freundlich equation provides an accurate description of the experimental data, which is confirmed by the high values of the correlation coefficients (R 2 ¼ 0.939). This may suggest that the PPF has a heterogeneous surface structure. The Freundlich constant (1/n) was determined from the slope of the plot (Figure 4) . The 1/n values for the sorbed atrazine, prometryn and terbutryn herbicides were 0.54, 0.62 and 0.87, respectively, which indicates that the surface structure of PPF is heterogeneous. Also, the values of n are 1.9, 1.6 and 1.1 for the tested herbicides (Table IV) , which indicates that the sorption is favorable.
Radushkevich and Dubinin reported that the characteristic sorption curve is related to the porous structure of the sorbent. The constant (b) is related to the mean free energy of sorption per mole of the sorbate as it is transferred to the surface of the solid from an infinite distance in the solution (26) .The value of the sorption energy (E ) can be computed using the following relationship: E ¼ 1= ffiffiffiffiffiffiffiffiffi ffi À2b p . The linear plot (R 2 ¼ 0.923) of ln Qc versus 1 2 is shown in Supplementary  Figure 9 . The values of b for the sorption of atrazine, prometryn and terbutryn herbicides computed from the slope are -0.004, -0.002 and -0.002 kJ 2 
/mol
22 , respectively. The evaluated values of E are 11.2, 15.9, and 15.9 kJ/mol for atrazine, prometryn and terbutryn, respectively, indicating that the rate of sorption is relatively fast (Table IV) .
Thermodynamic investigations
The effect of temperature was studied on the sorption of atrazine, prometryn and terbutryn herbicides onto PPF. The results showed that the sorption of herbicides decreases with increasing temperature. The decrease in herbicide sorption onto PPF is due to the deformation of bonds between the herbicide molecules and the active site of the PPF.
The thermodynamic behavior of the sorption of the tested herbicides onto PPF was evaluated by thermodynamic parameters using the following equations: ln K ¼ -DH/RT þ DS/R and DG ¼ DH-TDS; where K c is the distribution coefficient for sorption. The linear plots of ln K c versus 1/T ( Figure 5 ; R 2 ¼ 0.909) show the numerical values of enthalpy (DH) and entropy (DS) from the slope and the intercept, respectively. The average value of free energy (DG) is -23.2 kJ/mol; the negative sign is attributed to the spontaneous nature of the sorption process (Table V) . The values of DH for the sorption of atrazine, prometryn and terbutryn herbicides are -14.5, -8.7 and -8.2 kJ/mol, respectively. The negative value of DH is interpreted as the process of exothermic chemisorptions. The sequence value of DH was in the following order: atrazine . prometryn . terbutryn, which indicates that the interactions between PPF and herbicides depend on the size of the molecule. The average value of DS is 42.7 J/K/mol. The positive value of the entropy may be indicative of the rapid adsorption of herbicides onto PPF.
Effect of batch factor
To obtain a high preconcentration factor in the solid-phase extraction studies, the solid-phase extraction technique is a commonly used procedure for the extraction and separation of herbicides from large sample volumes. The effect of the sample volume (25 -150 mL) to the weight of PPF (0.05 g) on the uptake percentage (%E) of herbicides was studied using a batch technique (Supplementary Figure 10) . The data indicate that the maximum sorption of herbicides is found in V/m 500. The uptake of the herbicides decreases with increases in the sample volume (from 98 to 41%) in V/m % 2,000. Also, the effect of sample volume (25 mL) on different PPF amounts (0.02-0.2 g) was examined. These results show that the maximum uptake percentage is found in 0.05 -0.2 g of PPF (V/ m % 125 -500) and decreases with decreasing amounts of PPF.
Analytical Applications
The analytical applicability of the proposed PPF was tested for the separation and determination of atrazine, prometryn and terbutryn herbicides in different samples. The dependence of the extraction of herbicides on pH values was examined. According to the results, atrazine can separate from an atrazine, prometryn and terbutryn mixture using the batch method. A 0.05 g portion of the PPF was mixed with 25 mL of Nile water containing 10 mg of a mixture of atrazine, prometryn and terbutryn at different pH levels: 3, 9 and 13. After shaking for 15 min, the solution was separated and the concentration of atrazine was determined by using GC -MS. In addition, the concentrations of prometryn and terbutryn after recovery with 10 mL of CH 2 Cl 2 were determined by using GC-MS. The results show the selected extraction of prometryn and terbutryn (average recovery 9.35 mg) from atrazine (0.0 mg) at pH 3.
The tests for the addition/recovery of different amounts of herbicides were performed for water samples of tap water to estimate the accuracy of the presented procedure. A 0.05 g portion of the PPF was mixed with 25 mL of a water sample that was spiked with 0.25 -2.5 mg of each of the herbicides, and then agitated for 15 min. The results are given in Table VI. Satisfactory agreement was obtained between the added and found contents of the herbicides using the batch procedure. The standard deviation (SD) values for the spiked samples were in the range of 3.6 -4.0%. This shows that the presented method can be applied for the separation of herbicides in real environmental samples. Atrazine was determined in Nile water using PPF with a multistage batch method (Table VII) . The table shows the removal and recovery of 98% of 10 mg of atrazine at 5.2, 3.3 and 1.3 mg for Stages 1, 2 and 3, respectively. This shows that the PPF can be used for the separation of atrazine in real samples.
Comparison to Other Sorbents
PPF was compared with PUF for the determination of the tested herbicides in Nile water. The PPF exhibited better results than the PUF (Table VIII) . The sorption capacity of PPF is comparable to that for PUF sorbents. The preconcentration factors achieved with the PPF sorbent for the three herbicides were better than or comparable to all of the important chelating matrices (14, 15, 20) . This rapid extraction is due to the application of PPF by using the batch technique, which is a faster and more efficient PPF sorbent than the other sorbents (14, 16, 18, 20) .
Sorption Mechanism
The mechanism based on the membrane-like structure of the PPF, together with its efficient sorption properties, offered a higher concentrating ability. The solvent extraction, ion association and ion exchange might be the most probable mechanisms of herbicide sorption onto PPF. Lowering the pH tends to protonate the oxygen atoms of the PPF and reduces the sorption of the herbicides, because maximum sorption was achieved at approximately pH 7-11. The herbicide was primarily extracted in the neutral form by a solvent extraction mechanism at pH 7, because the herbicide compound contains nitrogen atoms, which are capable of forming hydrogen bonding with OH groups in PPF.
The PPF surfaces become negatively charged at pH greater than 7.3 and the negatively charged surface groups increase as the pH increases. Accordingly, an electrostatic attraction took place between the herbicide and surface groups, which led to a significant increase in the sorption of the herbicides. Based on the behavior of the extraction of the herbicides on the PPF, it is possible that ion association may be the principal mechanism for the sorption of the herbicides.
The parameter E provides information about the sorption mechanism as a chemical, ion-exchange or physical adsorption.
The E values . 8 kJ/mol corresponded to the sorption processes controlled by the ion-exchange mechanism (26) . The values of E obtained in this study (Table V) were greater than 8 kJ/mol, indicating an ion-exchange mechanism.
Finally, it is reasonable to suggest that the sorption of herbicides onto PPF may proceed via a solvent extraction, ion association and ion exchange mechanism.
Conclusion
The methodology of the present work prepares a new sorbent (PPF) based on the replacement of the amino group with the hydroxyl group. This PPF was used to preconcentrate and separate triazine herbicides from aqueous solutions. Characterization of the PPF indicates the presence of the hydroxyl group in the PUF matrix. The kinetics and thermodynamics of the sorption of the herbicides atrazine, prometryn and terbutryn onto the PPF were studied. The negative values of DG and DH indicate the spontaneous and exothermic nature of the sorption of these herbicides. This study shows that PPF has the ability to separate and determine atrazine, prometryn and terbutryn herbicides in a water sample. 
